ABSTRACT. Observations of the discharge, electrical conductivity, cationic content, and isotopic composition of glacier-river water indicate that drainage of the lake dammed at the margin of the glacier Austre Okstindbreen, Okstindan, Norway, is preceded by disruption of the glacier's drainage system(s) . Annual studies over a period of 12 years have demonstrated that intense storm precipitation, changes of ablation conditions, and the stage of development of drainage systems all may play a role in triggering drainage of the ice-dammed lake. Water temperature may influence the course of the outburst. The lake has drained on at least ten occasions in the last 12 years.
INTRODUCTION
Sudden releases of water previously impounded in glacier-margin lakes, which may have significant local economic consequences, are of both hydrological and glaciological interest. Light may be shed on the causes and evolution of such events by the characteristics of the water which issues from glaciers when ice-dammed lakes drain periodically beneath or through the ice. Although data from several glacier-river floods have been found to fit an empirical relationship between the maximum discharge and the initial lake volume (Clague and Mathews, 1973) , explanations of the events ("jokulhlaups") must account for both the initiation of lake drainage and the form of the out-flow hydrograph, which commonly is asymmetrical, a very steep falling limb following a rising limb which itself steepens as discharge increases to the maximum (Liest0l, 1956; Clarke, 1982) .
Drainage of water in 1976 and 1977 from a lake dammed at the western margin of the Norwegian glacier Austre Okstindbreen was described by Knudsen (1978) and Theakstone (1978) . Although observations of the glacier and lake have continued, it was not until 1984 that water draining from the lake was seen during an outburst. In the intervening period, with a single exception, the lake drained either before or after the period of field work in the area, or the lake did not fill completely during the autumn, spring and winter following drainage, and so did not drain during the summer (Table I) . On one occasion (1982) , the lake drained during bad weather conditions and the event was only detected during subsequent inspection of the hydrograph and a visit to the lake basin.
LOCATION AND PREVIOUS OBSERVATIONS
Austre Okstindbreen (lat. 66°00'N., long . 14°16'E.) is the largest outlet of the eastern Okstindan ice cap . Its accumulation area covers about 11.4 km 2 between 1700 and 1200 m. The ablation area (about 3 km 2 ) lies between 1200 and 740 m (Fig. I ). Between about 1200 and 1000 m, the glacier is heavily broken by crevasses in an ice fall. Since 1908 , the glacier has experienced an almost constant, well-documented retreat (Hoel, 1910 (Hoel, , 1962 Lewis, 1967; Worsley, 1974; Andreasen and Knudsen, 1985) .
The river which issues from Austre Okstindbreen flows eastward through the valley Oksfjelldalen to the lake Grasvatnet (Fig . I) . In most recent summers, this river has Austre Okstindbreen alld adjacent glaciers, Okstindan , Norway. During drainage of the ice-dammed lake at the head of Leirskardalen, water passes through the glacier. In 1984, water discharging from the lake emerged at the glacier sur face due south 0/ site 3, the oullet to Kjennsvatnet ; a possible route is indicated (broken line ) . A conduit has been observed between this point and site 2 (Fig. 2) , where the level and conductivity of the river water leaving the glacier are recorded and water samples are collected for chemical and isotopic analysis. discharged into a small pond at about 760 m; below the pond, the water has re-entered the glacier, to appear again at the northern shore of the lake which borders the glacier front (Fig. 2) . Water level has been recorded at the outlet of this lake (site I) every summer since 1976. When possible, recording has also been carried out where water 88 leaves the 760 m pond (site 2). Usually, the patterns of water-level variation at the two sites are very similar, despite differences in stream velocity and channel crosssection; the water which passes through site 2 later passes through site I. Until 1980, a minor stream issued from the glacier's northern outlet at about 830 m (site 3 , Fig. I) ; the water passed through a small lake within 100 m of the margin and flowed to Kjennsvatnet (Theakstone and Knudsen, 1981) . In 1980, the glacier margin retreated below the elevation of the local topographic divide, and melt water ceased to issue regularly from the northern side of the glacier. The stream flowing to Kjennsvatnet accommodated almost all the water draining from the ice-dammed lake in the course of the 1977 outburst (Theakstone, 1978) , and a small amount followed this route during the maximum discharge associated with the 1984 outburst.
The lake dammed by the western margin of Austre Okstindbreen is in Leirskardalen, the narrow valley between Nordre Okskalven and Bretinden (Fig. I) . When the surface reaches the high-water level at 998 m, water flows westward. In 1965, the surface area of the lake, determined from a I : 5000 scale map plotted from aerial photographs, was about 40 000 m 2 ; examination of photographs taken in 1975 and 1976 indicated that almost no change in areal extent had taken place. The volume of water leaving the lake during the 1976 outburst was determined as 3.4 x 10 5 m 3 (Knudsen, 1978) . After the lake drains beneath the glacier, some water remains in the western part of the basin, behind a threshold 7 m below the level of the outlet to the west. In several years after the lake had drained, a conduit entrance could be seen beneath the glacier at the lowest part of the basin, where the water had been about 13 m deep. Subsequently, water entering the basin flowed under the glacier by way of this passage.
THE 1982 DRAINAGE OF THE ICE-DAMMED LAKE
Between 12.30 and 13.00 h on 17 July 1982, ice washed out from beneath the glacier partially blocked the river course at site 2: the level rose by 13 cm (Fig. 3) , and the turbidity of the water increased markedly. The conductivity began to rise , in contrast to the normal pattern, in which daily minima occur in late afternoon (Fig. 4) . It appeared that subglacial collapse had disrupted part of the glacier's drainage system. At site I, there was no unusual change of water level.
Between 17 and 19 July, much "noise", in the form of abrupt water-level changes, was noted at site 2 (Fig. 3) . On 18 July, the usual diurnal variation of conductivity did not occur, values continuing to fall through the afternoon (Fig. 4) . As discharge rose during the early afternoon of 19 July, conductivity declined sharply until the station was put out of action by the flood at 14 .00 h. Conductivity at site I also declined through the afternoon of 18 July, but rose sharply during the following morning and fluctuated markedly as discharge increased after noon (Figs 3 and 4). As discharge declined until noon on 20 July, conductivity at site I rose, but the secondary peak of discharge during the afternoon was not reflected in the conductivity record: the "normal" diurnal pattern was not resumed until 21 July (Fig. 4) Klludsell alld Theakstone: Drainage of ice-dammed lake collected at site 2 for analyses of cations Ca++, Na+, K+, and Mg++, and of 18 0 content. Despite precautions, some equipment and data were lost during the outburst. Nevertheless, much information was collected about the event and about the changes that occurred within the glacier'S drainage system before, during and after the lake outburst. The observations are summarized in Table II Until 24 July, glacier-river discharge and conductivity displayed a regular daily pattern, with a single maximum and minimum. The decline of conductivity from 17 July undoubtedly reflected an increase in the contribution made to total discharge by melt water derived from the glacier'S upper surface, a usual development through the ablation period (Collins and Young, 1981; Andreasen, 1985) . A declining trend of 6
18 0 values, which ended on 17 July, reflected the decreasing contribution made to river discharge by the melting of snow which had accumulated in the lower part of the catchment during the previous winter.
The river-level fluctuations at site 2 between 25 and 28 July suggested that the system draining to the site was blocked, or otherwise disrupted, temporarily ( Fig. 5 ). Towards the end of this period, sudden decreases of conductivity occurred during periods of increasing discharge. Although the 18 0 content of the glacier-river water was increasing between 22 and 26 July, diurnal fluctuations, which are characteristic of much of the ablation season, were superimposed on the trend. However, on 27 July, as Fine weather. Diurnal discharge cycle, but "peak" at site 1 rath er fl at. Continuing water-level variability at site 2. Marked variati on of 5 18 0 va lu es around a general rising trend Lake drained. River discharge began to increase ab out 2 h befor e "norm al" and rose steadily through the afternoon and early eve nin g. A mark ed fall in conductivity to the summer' s absolute low in the ea rl y afte rn oo n; a subsequent rise (starting about 14.30 h) interrupted by one sharp f all. 5
18 0 values fluctuated in the morning; high values were sustained in the afternoon and evening discharge and conductivity decreased, the heavy isotope abundance fell sharply to the summer's lowest level (5 18 0 value: -13 . 65~).
conductivity was very marked, the value reaching an absolute low for the summer during the hours before the lake drained and even after drainage had started. It was only when discoloration of the water at site 2 was observed, after 14.30 h , that conductivity began to rise. Drainage of the glacier-dammed lake was marked by isotopically heavy water issuing from the glacier for some IS h (Fig . 5 ). Sampling at half-hourly intervals between 15.20 and 17.50 h revealed that the 18 0 content of the water emerging from the glacier was high ( Table Ill) . The differences of the 5 18 0 values of samples collected during the early stage of lake drainage on 29 July at 12.20 h Discharge started to increase early on 29 July (at about 05 .00 h at site 2 and at 10.00 h at site 1). The peak value was around 32 m 3 S-I, compared with normal values within the range 7-J 5 m 3 S-I . At both sites, the river level rose above that which the water-level recorders could accommodate, so that it is possible only to estimate the highest level. Both recorders went out of range at 17.20 h; the one at site 2 was flooded and stopped operating, whilst that at site I was within range again at 21.00 h. The fall of (-13.34Sf:<,) and 14.20 h (-12.99%0), and during the final phase of the event on 30 July at 04 .20 h (-12.67%0) and 06.20 h (-13.25%0) were striking. Analyses of samples collected from the ice-dammed lake before it drained revealed that, in itself, the water was unable to cause much increase of conductivity. The concentration of Na+ and Ca++ was about two or three times that of rain-water samples, whilst the concentration of Mg ++ and K + was about the same as in rain water (Table  Ill) . Most of the lake's solute content is probably derived by contact with rock and debris surfaces.
During the lake outbursts, Na+ concentrations at site 2 were very similar to those registered before the event (Table 111 ) . K + concentrations rose only slightly during the early phase of the lake outburst, but increased rapidl y in the next few hours, to reach a value of about 4.5 ppm at around the time of maximum discharge. Obviously, many K ions were carried with the water, possi bly in connection with the high sediment content. Before the outburst, the Ca++ content of the lake water was similar to that of glacier-river water: lake water cannot explain the trebling of Ca++ concentrations during the outburst (Table Ill) . Mg ++ showed much the same variation as Ca++.
A visit to the glacier-dammed lake at 14.00 h on 29 July revealed that drainage had begun (Fig. 6) . During the .L:'
.c::l.. following 3 h, the level fell continuously, the change following an exponential function (Fig. 7) . Drainage was complete within 7 h . Extensive vertical fluting was present on the steep exposed glacier margin. Between 17.00 and 17.30 h, water forced its way up through the glacier, emerging at the surface where there was a cover of about I m of old snow; the snow was fractured into large blocks (Fig. 8) . The water, strongly discoloured by the high sediment content, fountained to a height of almost 0.5 m above the glacier surface. From its point of emergence, it flowed along the glacier margin , some re-entering through crevasses or by flowing back beneath the ice. Some water rose to the ice surface through crevasses as far as 50 m from the margin, indicating that conduits were filled and that the pressure gradient was forcing water towards the surface. On a map, it is possible to draw an almost straight line along the glacier margin between the lake and the outburst site at about 830 m (Fig. I) . Radiation, temperature, and wind-velocity data recorded on 28, 29, and 30 July were very similar. As there was no precipitation, the discharge caused by ablation (Qa) on 29 July is taken as the mean of the discharge of 28 July and 30 July (Fig. 9) ; variations in discharge at site I, both during the days immediately preceding the lake outburst and those which followed it, were within the range 6.5 ± 0.5 m 3 s-l. Subtraction of Q a from the total discharge (Qt) yields the discharge from the ice-dammed lake (Q j) (Table IV) . The calculated total volume of water draining from the lake during the outburst, 3.6 x 10 5 mS, is in good agreement with the value determined for the 1976 outburst (Knudsen, 1978) if errors and retreat of the glacier are taken into account.
DISCUSSION OF THE 1984 EVENT
At Austre Okstindbreen, as elsewhere, an inverse relationship between river discharge and solute concentration is indicated by electrical conductivity variations (Collins, [1978] ; Humphrey and others, 1986) . The conductivity of glacial melt water is determined by the relative importance of components derived from subglacial, englacial, and supraglacial sources. Usually, a daily variation is caused by the fluctuating input of water formed as ice melts on the lower glacier. The late-afternoon increases of discharge commonly are accompanied by a rise of 18 0 content, and both discharge and 6
18 0 values tend to reach a minimum during the morning. The isotopic composition of the river water reflects both its origin and its residence time within the glacier: the compositions of the components (snow melt, ice melt, rain, and ground water) which contribute to glacier-river discharge differ (Moser and Stichler, 1980 likely to be smoothed out by the slow release of water retained in snow, fim, crevasses, and cavities, samples of glacier-river water collected at site 2 in recent summers have revealed general patterns of variation of the 18 0 / 16 0 ratio, represented by the 6 18 0 value (Theakstone, 1985[b] ; Theakstone and Durbin, 1986) .
Longer-lasting and seasonal variations of conductivity are caused by variations of water derived from melt in the accumulation area and of water d raining from reservoirs in or beneath the glacier; generally, reservoir water contains more dissolved material than does water derived from the ice surface which is discharged very rapidly from the glacier (Coli ins, [1978] ; Raiswell, 1984; Theakstone, 1985[a] ).
The decline of conductivity which accompanied the decrease of discharge and of heavy-isotope abundance on the morning of 27 July cannot have resulted from dilution by ice melt water and rainfall, since both of these have relatively high 6 18 0 values (Table Ill) . The most likely explanation of the change of conductivity is that, following the rainfall of the preceding days, water was being released from storage within parts of the glacier at which sources of solutes were not readily available. Although warm, sunny weather contributed to melting of the glacier surface on 28 July, the ice melt water apparently was mixed with water depleted of heavy isotopes: 6 18 0 and conductivity values of the glacier-river water varied somewhat erratically. The irregular conductivity variations recorded in the period leading up to the lake outburst indicate that the contributions of solute-rich and solute-poor water to total discharge were becoming more variable. The sudden decreases in conductivity during increasing discharge towards the end of this period suggest that either solute-rich melt water was almost instantaneously cut off or the input of solute-poor water was increased very suddenly. Water leaking from the ice-dammed lake may have contributed to the mixing responsible for the water-quality fluctuations. The lake water itself is a mixture, having received contributions from melting snow, melting ice, and rain.
The discharge increase early on 29 July was not the result of the "normal" course of glacier melting; increasing conductivity values suggest that water which had been in contact with the glacier bed was emerging, perhaps displaced by water from the lake entering the glacier's drainage system . The sharp fall in conductivity a little before mid-day apparently reflected dilution as the contribution of surface-derived melt water to discharge increased. During the afternoon, as water escaping from the lake filled the drainage-system conduits, water was forced into contact with previously isolated areas of the bed, and entrainment of sediment increased the conductivity. However, this solute-rich water was diluted by that draining through the glacier from the lake and that generated by melting at conduit walls as their cross-sections increased .
Whilst the exponential increase of river discharge as the lake drained resembled that measured during other such outbursts (e.g. Clarke, 1982) , the subsequent decline at site 1 was slower than usually seen (Fig. 9) , and contrasted with the situation in 1976 (Knudsen, 1978) . The rising limb of the hydrograph reflected the increase in diameter of conduits in the ice, as the transfer of energy by friction from the flowing water caused melting of their walls (Liest",I, 1956; Mathews, 1973; Nye, 1976) . In part, the unusual form of the falling limb (which decreased exponentially at about the same rate as the rising limb increased) may reflect some temporary storage of water in the lake which lies between the end of the glacier and site I but, since such an effect was not evident in 1976, other causes must be sought. The form of the hydrograph during the waning stages of the flood may be influenced by turbulent friction in the conduit within or beneath the glacier and by the temperature of the water entering it, which determines the amount of heat convected down the conduit (Spring and Hutter, 1981) . Water temperatures were not measured at the lake before it drained in 1984, but much of the water body is likely to have been colder than the temperature of maximum water density (4°C): large snow floes were present at the surface, the surface area is large in relation to the lake's volume, and winds channelled through the gorge in Leirskardalen immediately to the west are likely to have ensured that the water was well mixed. In part, therefore, the relatively symmetrical form of the hydrograph might reflect a conduit-entrance temperature of about 2°C during much of the outburst. High turbulence of the water within the conduit, indicated by the substantial entrainment of sediment, may have been another contributory factor: significant energy losses must have occurred during entrainment. Once water ceased to issue from the lake, water which had previously been stored within the glacier at sites outside the conduit may have played some part in determining river discharge.
GENERAL DISCUSSION AND CONCLUSIONS
Both the 1977 and 1984 outbursts of the Austre Okstindbreen lake were complete within 6-7 h, and discharge records suggest that the 1976, 1982, and 1987 events were of similar duration. Although the 1984 hydrograph diverged markedly from the classic model of many glacial-lake outburst floods (Fig. 9) , the relation between the initial lake volume (VD) and the peak discharge (Qmax) fits the empirical Clague-Mathews relation Qmax = 75(Vo/ I0 6 )o.67 (Clague and Mathews, 1973) : with V o = 3.4 x 10 5 m 3 , this expression yields Qmax = 36.5 m 3 S-l, which is fairly close to the estimated peak of 29 July. Whilst it is to be expected that the discharge of the river as the lake drains is related to the volume of water which has left the basin, this relationship does little to explain the event.
The range of possible causes of glacier-outburst floods is wide (Rothlisberger and Lang , 1987) and the course of such events is variable: theoretical considerations do not account for the observed variety (Haeberli, 1983) . The behaviour of the Austre Okstindbreen ice-dammed lake during 12 consecutive summers has included at least ten confirmed and one partial outburst. Although no single model can account for all the events, the observations made since 1976 do provide information useful in considering trigger mechanisms, the course of development of outburst flood s, and the geometry of the system through which the water passes on its way from the lake.
Having emptied in the ablation season, the lake basin may not re-fill until the period of snow melt in the following year: large snow floes generally are present at the water surface in early summer, and snow on the basin sides extends below the water level. A "water line" etched partly in snow has been evident after some outbursts. On 21 May 1986, when all other lakes in the area still were ice-covered, the basin was full, but the water surface was ice-free . On 22 May 1987, a small amount of water was present in the bottom of the eastern part of the basin; the surface was frozen . Avalanching from the adjacent steep slopes prevented access for late-winter sampling.
Commonly, the lake discharges westward, i.e. away from the glacier, for several days or even weeks during the summer before draining beneath the glacier; the water depth at the glacier margin varies little during that period. This depth has been much the same since 1976. It seems that simple flotation and related cantilever effects can be ruled out as the trigger of the lake outbursts.
Kllud sen and TheakslOlle: Drainage of ice-dammed lake
Direct observations after outbursts have shown that the bottom of the subglacial conduit leading from the basin consists predominantly of bedrock. Although sediment transport to, and deposition on, the glacier surface in 1977 and 1984 indicate that water leaving the lake subglacially may encounter permeable material at some points, it is unlikely that the outbursts start as a result of seepage through permeable material, a mechanism which, accompanied by channel development at the base of the glacier as increasing water temperature causes melting, may be responsible elsewhere (Rothlisberger and Lang, 1987) .
Several outbursts have occurred when other water inputs to the glacier-drainage system were relati vely large : in 1979, 1985, and 1986 , the lake drained early in the summer whilst melting of the previous winter'S snow cover was contributing substantially to river discharge. Such large inputs of water will affect the opening of basal cavities (Iken and others, 1983; Raymond and Malone, 1986) ; high basal water pressures and rapid sliding may disrupt or open conduits and reservoirs within the glacier. In 1982, drainage occurred during a major storm, at a time of very heavy rainfall. The 1984 event was preceded by a period of heavy rain, although this ended 2 d before the outburst. In 1987, the lake drained during an extended period of high air temperatures and rapid ablation. It is at such times of substantial water inputs from the surface that conduits near the seal which separates the glacier's principal drainage system from that directed to the lake are likely to become water-filled; the pressure within them may rise, thereby facilitating the establishment of a connection across the seal, as suggested by Theakstone (1978) . In 1976, however, the lake drained at a time when melt-water production was slight; Knudsen (J 978) suggested that low water pressure within the glacier's drainage system may have been a significant factor.
The 1984 water chemistry and isotope data suggest that, as in 1982, not only was the glacier-drainage system disrupted before the lake drained, but also water may have been leaking from the lake for some time before the event, in part displacing water stored within or beneath the glacier. Slight leakage may change to sustained out-flow as a result of an increase of water temperature or a fall of the piezometric level in the glacier (Fisher, 1973; Rothlisberger and Lang, 1987) . The vertical fluting of the glacier margin exposed as the lake drained in 1984 may have been caused by currents set up as surface water was warmed to the maximum-density temperature; the resultant overturn would take warmer water to the lake bottom.
The evolution of discharge processes during a glacial-lake outburst is difficult, or even impossible, to predict without an exact knowledge of the initial geometry of the conduit through which water passes from the lake to its exit point from the glacier (Spring and Hutter, 1981) . After the floods of 1977 and 1984, a conduit was traced both up-glacier and down-glacier from the sites at which highly turbid water burst upwards rather close to the margin. The water appeared to have exploited an existing major conduit which followed the margin for quite a distance at rather shallow depth. In both 1977 and 1984, a major conduit led from the deepest part of the drained basin after the event, and the fact that all the water which subsequently entered the basin flowed through the outlet without any damming indicated that the conduit was still connected with the glacier's principal drainage system. In 1987, however, the lake did not drain completely; the level of the water remaining in the basin fluctuated, resembling the situation which existed throughout the 1980 field season, when out-flow to the glacier could not always keep pace with concurrent in-flow to the basin. Clearly, different flow-routing patterns may occur beneath, or within, the glacier in different years.
Further outbursts from the Austre Okstindbreen icedammed lake are likely to occur. By monitoring discharge and water-quality characteristics at the lake and at the point of out-flow of the glacier river before and during the events, more light may be shed on their cause, including the possible role of increased water supply to the glacier's drainage systems from sources other than the lake, the influence of lake-water temperature on the course of an outburst, and the relationship, if any, between drainage of the lake and prior disruption of the glacier-drainage system .
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Data of value for calibrating models of catastrophic drainage events from glaciers may be obtained by continuing studies of water temperature, the rate of discharge throughout future outbursts, and exploration of conduits after them.
